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Abstract: It is estimated that at least one quarter of the world’s population will be affected by water
shortages in the coming years and by 2030 there will be a global water deficit of 40% if urgent action
is not taken. Currently, the main consumer of water globally is agriculture. In addition, it has been
estimated that to meet the demand for food by 2050, the water available for agricultural irrigation
would have to increase by 70%. In this context, wastewater could become a relevant water resource
to meet this growing demand. This article aims to show the state of the global research on sustainable
use of wastewater in agriculture. To this end, a systematic qualitative analysis and a quantitative
bibliometric analysis were conducted. The search was carried out for the period 2000–2019, and the
analyzed sample comprised 1986 articles. The results show that this line of research is one of the
most outstanding within agriculture and has gained special relevance during the last five years.
Research has improved significantly at a technical level, but problems such as energy consumption,
and the elimination of heavy metals and elements of chemical and pharmacological products, still need
to be refined. There is a particular lack of contributions covering social aspects. This article can serve
as a reference for both researchers and stakeholders interested in this topic.
Keywords: water scarcity; water supply-demand; irrigation; non-conventional water resources;
systematic review
1. Introduction
Water is an indispensable resource, not only for the existence of all life, but also for economic
development and the maintenance of social welfare [1,2]. Water resources are facing great pressure
and degradation due to multiple factors, such as the rapid growth of the global population, changes in
land use, the expansion of productive activities (e.g., agricultural, industrial, and tourism activities),
and urban development [3,4]. Over the last few decades, water demands have increased exponentially,
with an estimated average annual increase of 1% in water consumption globally from 1980 to the
present [5,6]. Moreover, this demand trend is expected to continue until 2050, with a projected increase
of 20–30% from the current level within a few years [7,8].
Future prospects point to a worsening of this situation due to the consequences of global climate
change, such as low rainfall, high water evaporation rates, and the spread of aridity and dryness due
to rising temperatures, among others [9,10]. Simultaneously, the availability of water resources is
decreasing due to the overexploitation and contamination of water sources, and the alteration of natural
ecosystems by humans, among other reasons [11,12]. As a result, there are increasingly more regions
of the world in which the supply of water resources is at risk or non-existent [1,7,13]. According to UN
reports, there are 748 million people in the world without a source of drinking water and 2.5 billion
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without good sanitation facilities [14]. It is estimated that at least one quarter of the world’s population
will be affected by water shortages in the coming years and that by 2030 there will be a global water
deficit of 40% if urgent action is not taken [15,16].
Currently, there is strong rivalry for the use of water resources by the different agents that
demand such resources [17]. As the process of economic development is accelerating in many
countries, the demand for products is increasing. Thus, to meet the demand for manufactured goods,
the industry’s water needs are expected to increase by 400% [18,19]. However, the main consumer of
water globally is agriculture [20]. It is estimated that the consumption of fresh water for agricultural
irrigation accounts for 60–90% of all water use, depending on the level of economic development and
the climate of the area [21,22]. Moreover, to meet the food demand of the population in 2050, it has
been estimated that agricultural production would have to increase by 70% [23,24]. This may lead to a
53% increase in global water consumption [25,26].
According to the conclusions of the United Nations report on Nature-Based Solutions for Water,
the problem facing society today is not a lack of water to meet the world’s growing needs, but rather
to radically change the way that water is used, managed, and shared [8]. In this sense, one of the
possible options is the reuse of wastewater, which involves converting water back into a resource
instead of treating it as a waste. Indeed, wastewater could become a relevant water resource to meet
the growing global demand for water. Wastewater refers to any water of low quality adversely affected
by anthropogenic influences [27]. This term can include any water used for domestic, urban, industrial,
or mining purposes, and water that has been mixed with the above (storm water or natural water).
Wastewater management is a major challenge for local managers. Wastewater requires adequate
piping, treatment, and runoff systems, because improper treatment or a lack of treatment can lead to
serious pollution problems, including health problems for those who use the water [28,29]. Today, 80%
of the world’s wastewater is discharged without any kind of prior treatment [30]. This generates
considerable negative socioeconomic and environmental externalities [31]. However, numerous studies
have demonstrated the suitability of wastewater for use in agriculture [32,33]. Among the benefits
identified from the use of wastewater for irrigation are the increased reliability of the water supply,
crop stability, the recovery of nutrients beneficial to the soil, decreases in the use of fertilizers, and a
minimization of pollution from discharge [16,34,35].
In this context, greater knowledge is needed to enable the development and adoption of new
wastewater management systems for use in agriculture. This will not only improve efficiency and
extend the useful life of this valuable natural resource but also ensure food production and food supply
at the global level. This article aims to show the state of global research on the sustainable use of
wastewater in agriculture (SUWA). The aim of this study is to find answers to the following questions:
What are the main agents promoting research on SUWA? What are the most relevant lines of research
in this field? What are the main gaps in the related research? To this end, a review of the existing
literature on this subject was carried out, focusing on the period between 2000 and 2019, using a
systematic qualitative analysis and a quantitative bibliometric analysis. In this way, the present article
aims to serve as a compendium of the research carried out over the last 20 years on SUWA, which will
serve as a reference for both researchers and stakeholders interested in this topic.
2. Methodology
2.1. Bibliometric Analysis
The most appropriate methodology to respond to the proposed objective is a bibliometric
analysis. This methodology, which was developed by Garfield in the middle of the last century,
aims to identify, organize, and evaluate the constituent elements of a specific field of study [36].
At present, bibliometric analysis has become one of the main tools for literature reviews in any scientific
discipline due to the large amount of existing information [37,38]. Current bibliometric analysis
relies on diverse cartographic techniques to represent bibliographic information, in conjunction with
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statistical and mathematical methods to determine the trends in a field of research [39]. Traditionally,
a distinction has been made between co-occurrence analysis (defined as the counting of paired data
within a collection unit), co-citation analysis (pairs of papers that are cited together in the source
articles), and bibliographic coupling analysis (two works refer to a third common work in their
bibliographies) as the three main approaches for developing a bibliometric study of the scientific
literature [40]. Furthermore, Durieux and Gevenois [41] distinguished three types of bibliometric
indicators: quantity indicators, which measure productivity; relevance indicators, which show the
impact of publications; and structural indicators, which analyze the connections between different
elements in the same field of research. This study considers these three types of indicators and a
traditional approach based on co-occurrence.
2.2. Sample Selection
Various studies indicate the suitability of the Scopus database for selecting samples of research
works to be analyzed in a bibliometric review. Scopus is the largest database of abstracts and
citations from peer-reviewed literature, it has great accessibility, and it offers superior processing
capabilities [42,43]. For all of these reasons, this database is the most frequently used in bibliometric
studies on agriculture and water resources [44,45]. Thus, Scopus was the database chosen for the
selection of the sample of works to be analyzed in this review. For the selection of the sample, a series
of restrictions common to bibliometric analyses were taken into account. The search was carried
out for the period of 2000–2019. Documents published in 2020 were not included to ensure we
compared complete annual periods [46]. To avoid duplication, only original articles were included
in the sample [42]. The parameters used to select the sample of documents on the sustainable use of
wastewater in agriculture (SUWA) were TITLE-ABS-KEY (sustainab *) AND TITLE-ABS-KEY (“waste
water *” OR “wastewater *” OR “sewage” OR “effluent *” OR “residual water *” OR sludge) AND
TITLE-ABS-KEY (“irrigate *” OR “watering” OR agriculture * OR crop *). The result was a final sample
of 1986 articles on SUWA. The selection of the samples was made in April 2020.
2.3. Data Processing
Following the selection of the sample of documents, we proceeded to download the information
available in the database. Then, the data were prepared for analysis. For this purpose, duplications were
eliminated, errors were corrected, and information that was incomplete or omitted was added [38].
The variables analyzed included the number of articles, the year of publication, the thematic area,
the name of the journal, and the trends of the main key words. For the analysis of the information,
the first step was to study the evolution of the main variables, including the thematic areas in which the
documents were classified in the Scopus database. Secondly, identification of the journals, institutions,
and authors most prolific for SUWA, and the main international collaborations, was carried out. As an
indicator of productivity, the number of papers was used. To evaluate the impact of the publications,
the following quality indicators were selected: citation count, H index, and impact factor of the
SCImago Journal Rank (SJR) journals. The H index shows the number h of a total of N documents that
include at least h citations in each of them [47]. The SJR shows a weighting of the number of citations
received, taking into account the material and the prestige of the journal in which the citation was
made [48]. Finally, mapping techniques were used to visualize the network of the co-occurrence of
keywords to determine the research trends [39]. The tools used were Excel (version 2016, Microsoft,
Redmond, DC, USA), SciMaT (v1.1.04, Soft Computing and Intelligent Information Systems research
group, University of Granada, Granada, Spain), and VOSviewer (version 1.6.5., Leiden University,
Leiden, The Netherlands). Figure 1 shows an overview of the methodology applied in this study.
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3. Results
3.1. Evolution of the Main Characteristics in the Sustainable Use of Wastewater in Agriculture
Research (SUWA)
Table 1 shows the evolution of research on the sustainable use of wastewater in agriculture (SUWA)
between 2000 and 2019. The analysis shows the number of published articles, the number of authors
who have collaborated in these publications, the number of journals in which these articles have been
published, the number of countries involved in the research, and the number of citations and average
citations per article. As can be seen in the table, all of the indicated variables experienced a progressive
growth trend throughout the period analyzed. However, the greatest increase in scientific production
occurred in the second half of the period studied, specifically during the last five years, during which
almost 50% of the total work of the sample is concentrated. In total, 28 articles were published in 2000
and 234 were published in 2019. To verify if this growth is correlated to a general increase in academic
research, the percentage of annual variation in the number of articles published on SUWA and on
agriculture in general was calculated, using the data for the year 2000 as the baseline. The results are
shown in Figure 2, which indicates that the number of articles on agriculture has grown at an average
annual rate of 0.8% over the period, while articles on SUWA have grown at a rate of 1.1%. Therefore,
the first conclusion of this work is that research on SUWA has increasingly become a relevant line of
research on agriculture.
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Table 1. Major characteristics of the sustainable use of wastewater in agriculture (SUWA) research.
Year Articles Authors Journals Countries Citations Average Citations 1
2000 28 75 25 20 0 0.0
2001 18 33 14 13 19 0.4
2002 31 73 27 18 42 0.8
2003 33 97 30 24 64 1.1
2004 36 108 30 24 132 1.8
2005 49 158 32 28 184 2.3
2006 54 164 43 32 269 2.9
2007 58 200 41 33 349 3.4
2008 85 271 55 39 549 4.1
2009 95 293 65 45 836 5.0
2010 84 334 72 37 1077 6.2
2011 109 405 77 41 1434 7.3
2012 106 364 86 52 1654 8.4
2013 115 485 83 49 2184 9.8
2014 130 541 97 52 2548 11.0
2015 165 668 109 50 3010 12.0
2016 162 746 106 58 3678 13.3
2017 173 760 118 64 4142 14.5
2018 221 982 126 65 4740 15.4
2019 234 1097 132 60 6155 16.6
1 Total number of citations accumulated to date divided by the total number of articles published to date.
During the entire period analyzed, a total of 6899 authors participated in the preparation of the
1986 articles that comprise the sample. For the year 2000, a total of 75 authors were counted, whereas for
the year 2019, we found a total of 1097 authors. The average number of authors per article doubled
from two at the beginning of the period to four in the last year. Furthermore, 88.1% of the authors
participated in the publication of only one article, whereas 0.6% participated in the publication of at
least five articles. This is largely due to the relative novelty of this line of research, which has gained
interest over the last ten years. A total of 310 journals have published articles on SUWA. This variable
experienced a similar trend to the number of articles. During the period analysed, the number of
journals experienced a similar variance to the number of articles, such that one article per journal
was published. It was not until the last years of the period analyzed that this trend experienced a
certain alteration, and a maximum of 1.8 articles per journal was reached in 2019. Moreover, a total of
83 countries participated in the realization of articles on SUWA. This variable tripled over the period
analyzed, increasing from 20 in 2000 to 60 in 2019. The articles that comprise the sample obtained a
total of 33,066 citations throughout the period analyzed. The first year in which the articles in the
sample obtained a citation is 2001, with a total of 19. This figure increased to 6155 citations in 2019.
The average annual number of citations increased from 0.4 in 2001 to 16.6 in 2019. This variable was
calculated as the total number of citations to date divided by the total number of articles published to
date (for example, the data for 2002 was calculated as 61 (total number of citations to date) divided by
77 (total number of articles published to date)).
3.2. Subject Areas in SUWA Research
The documents included in the Scopus database are classified according to their different thematic
disciplines. This categorization allows one to analyse the different disciplinary approaches in SUWA
research. It should be noted that the same article can be simultaneously classified under more than
one category. The evolution of the number of articles classified under the main categories of research
on SUWA is shown in Figure 3. In the year 2019, the category with the highest number of articles
was Environmental Science, with 71.8% of the total, followed by Agricultural and Biological Sciences
with 24.4% and Engineering with 20.9%. For the entire study period, Environmental Science was
the dominant discipline, with this category representing 71.4% of the total articles in the sample.
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Agricultural and Biological Sciences places second, with 26.8% of the total, and Engineering places third,
with 16.1% of the total, followed by Energy with 12.1%. The key issues studied in the Environmental
Science category are related to sustainable development, wastewater treatment, water quality
and supply, and the conservation and management of water bodies in general. The category of
Agricultural and Biological Sciences focused on issues related to irrigation, soil conservation, crop issues,
and fertilization. Among the central themes within the Engineering category, various aspects related to
the treatment and recycling of wastewater from different sources (urban, industrial, and agricultural)
stand out, such as the content of metals and other contaminants, and salinity and environmental impacts.
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The Social Sciences category accounts for less than 10% of the sample, while the categories that
focus on the economic sphere (Business, Management, and Accounting and Economics, Econometrics,
and Financ ) account for l ss than 5%. These two disciplines represent the economic and social
aspects of sustainability. These perc ntages are far from the 70% that repre ent the overall scope of
environmental ustain bility. Therefore, our second conclusion is that there as been less ev lopment
of the economic and social aspects in SUWA research related to environmental f ctors.
3.3. Journals in SUWA Research
This section shows the most prolific journals on SUWA and analyzes their most significant
variables (Table 2). The journals listed in the table cover fields as diverse as waste management and
disposal; industrial and manufacturing engineering; environmental chemistry; and renewable energy,
sustainability, and the environment. This group is composed of European (The Netherlands, UK,
Germany, and Switzerland) and North American (USA) journals. The ranking of the main journals
includes 22.2% of the papers and 30.5% of the total citations obtained by the set of articles in the
sample. From these data, we can conclude that there is no central nucleus of journals that promotes the
publication of research on SUWA; instead, this publication trend is atomized among a wide group of
different journals.
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Table 2. Major characteristics of the most active journals related to SUWA research.
Journal Articles SJR 1 H Index 2 Country Citation Average Citation 3 1st Article Last Article
Science of the
Total Environment 70 1.661 (Q1) 19 The Netherlands 904 12.9 2002 2019
Water Science
and Technology 67 0.471 (Q2) 17 UK 792 11.8 2004 2018
Journal of
Cleaner Production 63 1.886 (Q1) 20 The Netherlands 1389 22.1 2006 2019
Journal of
Environmental Management 51 1.321 (Q1) 19 USA 1567 30.7 2000 2019
Agricultural
Water Management 37 1.369 (Q1) 20 The Netherlands 1383 37.4 2000 2019
Desalination 33 1.814 (Q1) 17 The Netherlands 1110 33.6 2001 2019
Bioresource Technology 30 2.430 (Q1) 20 The Netherlands 2108 70.3 2002 2019
Environmental Science and
Pollution Research 30 0.788 (Q2) 11 Germany 541 18.1 2005 2019
Sustainability Switzerland 30 0.581 (Q2) 8 Switzerland 207 6.9 2013 2019
Desalination and
Water Treatment 29 0.327 (Q2) 5 USA 80 2.8 2009 2019
1 Scimago Journal Rank 2019; 2 Only sample documents; 3 Total number of citations divided by the total number
of articles.
The journal with the largest number of articles published on SUWA is Science of the Total
Environment, with a total of 70 articles (3.5% of the total sample). This journal also has an H index of
19 and accumulated a total number of 904 citations (2.7% of the total). Its average number of citations
per article is 12.9, and its SJR factor is 1.661. This journal published its first relevant article in 2002.
Water Science and Technology is the second journal according to its rank by the number of articles
published during the whole period, with a total of 67 (3.4% of the total). This journal, which published
its first article related to the sample under examination in 2004, has a total of 792 citations (2.4% of the
total), an average of 11.8 citations per article, and an H index of 17. Its SJR factor is 0.471. This is the
only journal in the group that did not publish any article on SUWA in 2019. The Journal of Cleaner
Production is the third journal in this ranking, with a total of 63 articles on SUWA (3.2% of the total).
This journal accumulated a total of 1389 citations (4.2% of the total), has an average of 22.1 citations,
and achieved an SJR factor of 1.886. It also has the highest H index (20) alongside Agricultural Water
Management and Bioresource Technology.
The Journal of Environmental Management and Agricultural Water Management are the oldest
journals in our sample, as their first works were published in 2000. The Journal of Environmental
Management ranks fourth in terms of the number of articles with a total of 51 (2.6% of the total).
This journal has accumulated a total of 1567 citations (4.7% of the total) for an average of 30.7 citations
per article. Agricultural Water Management ranks fifth in number of articles with 37 (1.9% of the total).
This journal has a total of 1383 citations (4.2%), an average of 37.4 citations per article, and an SJR of
1.369. Bioresource Technology, which ranks seventh with 30 articles (1.5% of the total), is the highest
ranked journal in the SJC, with a factor of 2.430. This journal also has the highest number of citations,
with a total of 2108 (6.4% of the total), and the highest average of citations per article, with 70.3.
The journal Sustainability has been incorporated into this topic most recently, since it published its first
article on this subject in 2013. Sustainability ties for seventh place with 30 articles (1.5% of the total)
and has 207 citations (0.6% of the total), an average of 6.9 citations per article, an H index of 8, and an
SJR impact factor of 0.581.
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3.4. Countries in SUWA Research
Table 3 shows the variables of the articles in the sample based on the main countries driving SUWA
research. In this group, we can observe countries from all continents, except Africa, showing very
heterogeneous characteristics in terms of the level of economic development, size, population,
and climate. The USA is the most prolific country with a total of 293 articles, representing 14.8% of
the total sample. In second position is China, with 242 articles, comprising 12.2% of the total sample.
These countries are followed by India, with 180 articles (9.1%); Spain, with 126 (6.3%); and Italy, with 122
(6.1%). These data are conditioned by the differences already mentioned among the different countries.
Therefore, the number of articles was calculated based on the population of each country. The table
shows the number of articles per million inhabitants. Based on this new variable, the country with the
greatest participation in research on SUWA is Australia, with 4.481 articles per million inhabitants,
which is followed by The Netherlands (3.540) and Spain (2.697). The countries with the lowest number
of articles per inhabitant are India, with 0.133; the USA, with 0.210; and Brazil, with 0.511. In terms of
the relevance of the publications from the different countries, measured as the total number of citations
obtained, the USA stands out with 7109, which represents 21.5% of the total citations obtained by the
works in the sample analyzed. In second place is China, with 3453, representing 10.4% of the total,
which is followed in third place by the UK, with 3146 citations, comprising 9.5% of the total. However,
considering the average number of citations obtained per article, the most outstanding countries are the
UK, which has an average of 29.1 citations per article, which is followed by Australia (26.1), the USA
(24.3), and The Netherlands (21.6).
Table 3. Major characteristics of the most active countries related to SUWA research.
Country Articles Average per Capita Articles 1 Citation Average Citation 2 H Index 3 1st Article Last Article
USA 293 0.210 7109 24.3 42 2000 2019
China 242 0.740 3453 14.3 29 2000 2019
India 180 0.133 1959 10.9 23 2000 2019
Spain 126 2.697 1926 15.3 25 2000 2019
Italy 122 2.019 1748 14.3 24 2004 2019
Australia 112 4.481 2916 26.1 27 2000 2019
UK 108 1.624 3146 29.1 30 2000 2019
Brazil 107 0.511 1124 10.5 19 2005 2019
Germany 99 1.194 1415 14.3 24 2000 2019
The Netherlands 61 3.540 1315 21.6 17 2000 2019
1 Total number of articles per million inhabitants; 2 Total number of citations divided by the total number of articles;
3 Only sample documents.
Table 4 shows the results of the analysis of the collaborative networks established between the
different countries. The average percentage of work carried out in international collaboration is 41.2%.
Above that percentage are The Netherlands (70.5%), UK (56.5%), Germany (48.5%), Australia (45.5%),
and Spain (41.3%). The lowest percentages of international collaboration correspond to Brazil (15.9%),
India (24.4%), China (32.2%), and Italy (36.9%). The latter group tends to focus its research on issues in
the domestic sphere. The countries with the largest network of international collaborators are the USA,
with 57 (68.7% of the total number of countries that participated in SUWA research); the UK, with 45
(54.2%); and Germany, with 41 (49.4%). The table also identifies the top five collaborators from each of
the most prolific countries. In 80.1% of the cases, these partners correspond to other countries in the
group (Table 3). For the relevance of the articles, the average number of citations per article obtained
from the work done through international collaboration is 18.7, while that of the work done without
collaboration is 17.9.
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Table 4. Major characteristics of the international collaboration between the most active countries
related to SUWA research.
Country Percentage of Collaboration 1 Number of Collaborators Main Collaborators
Average Citation
Collaboration 2 Non Collaboration 3
USA 40.6 57 China, UK, Spain,Australia, India 20.2 27.0






Spain 41.3 36 USA, Italy, Germany,Portugal, Denmark 11.8 17.8






UK 56.5 45 USA, India, Australia,Ireland, Italy 16.8 45.2






The Netherlands 70.5 36 Australia, USA,Germany, India, Italy 27.9 6.3
1 Number of articles made through international collaboration divided by the total number of articles; 2 Number
of citations obtained by articles made through international collaboration divided by the number of articles;
3 Number of citations obtained for articles not made through international collaboration divided by the number
of articles.
Figure 4 shows a graphical representation of the collaborative relationships established between
the different countries. On the resulting map, the size of the circle varies according to the number
of items in each country; the lines represent the links established between countries, where the
thickness depends on the number of collaborations; and the different colors identify the main groups
of collaboration. The violet color represents the cluster headed by the USA in terms of total articles
published and mainly includes Brazil and Mexico as principal collaborators. The blue cluster is led by
Australia and Germany, which have the The Netherlands, Belgium, Switzerland, Austria, and New
Zealand as their main collaborators. The red cluster, with China at the forefront, comprises a wide
variety of countries, such as the United Kingdom, India, Sweden, Japan, South Korea, Saudi Arabia,
Egypt, and South Africa. The green color represents the group led by Spain and Italy, for which France,
Portugal, Denmark, and Tunisia are important collaborators. Last is the yellow cluster headed by
Canada, with Israel, Greece, Turkey, and Pakistan among its main collaborators.
3.5. Institutions in SUWA Research
Table 5 shows the most relevant characteristics of the research on SUWA based on the main
institutional affiliations of the authors of the papers analyzed. These institutions account for 10.4% of
the works in the sample, which indicates atomicity at the institutional level given the small number
of works. The institution that accumulated the greatest number of articles is the Chinese Academy
of Sciences, with a total of 47 (2.4% of the total works in the sample), followed by the Sveriges
lantbruksuniversitet of Sweden with 21, the Ben-Gurion University of Israel with 20, the Ministry of
Education of China with 19, and the Universidade de Sao Paulo of Brazil, also with 19. The USDA
Agricultural Research Service in the USA has the highest average number of citations per article with
51.4. The Wageningen University and Research Centre is in second place with 40.1, followed by the
Sveriges lantbruksuniversitet with 35.8. The average percentage of international collaboration among
these institutions is 37.7%. The Wageningen University and Research Centre stands out, with 66.7% of
its work carried out in collaboration with institutions from other countries, and is followed by the
Università degli Studi di Bari in Italy, with 53.3%, and the Ministry of Education in China, with 52.6%.
The remaining institutions did not reach 50% collaboration.
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3.6. Authors in SUWA Research
Table 6 shows the main characteristics of the publications of the authors with the greatest number
of works on SUWA. This group of 16 authors is affiliated with 12 different institutions from 9 different
countries. In this area, there is a large number of authors but only a small number of articles per
author. Five authors share first place for the largest number of articles, with a total of seven: Clifford
B. Fedler from Texas Tech University; Leonid Gillerman, Amit Gross, and Gideonson Oron from
Ben-Gurion University (who shared authorship in six of the seven papers, which is the reason for their
inclusion and their institution being among the most prolific); and Thomaz Figueiredo Lobo from
Universidade Estadual Paulista in Brazil. The most senior author in the table, who is the author of the
oldest article published in 2004, is Miklas Scholz, who is affiliated with the University of Salford in the
UK. By contrast, the author in the table who most recently joined this field of research—with his oldest
article published in 2013—is the Spaniard Juan José Alarcón, affiliated with the Centro de Edafología y
Biología Aplicada del Segura. The author with the largest number of citations in his articles (a total of
287) is the Israeli Amit Gross. This author, with 41.1 citations per article, is also the researcher with the
highest average number of citations, and the highest H index (7).
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Table 5. Most relevant institutions in SUWA research.
Institution Country Articles Citation Average Citation 1 H Index 2 Percentage of Collaboration 3
Average Citation
Collaboration 4 Non Collaboration 5
Chinese Academy of Sciences China 47 1070 22.8 14 34.0 23.6 22.4
Sveriges lantbruksuniversitet Sweden 21 752 35.8 15 47.6 30.2 40.9
Ben-Gurion University Israel 20 463 23.2 12 35.0 7.0 31.8
Ministry of Education China China 19 383 20.2 11 52.6 16.5 24.2
Universidade de Sao Paulo Brazil 19 473 24.9 9 21.1 17.3 26.9
Wageningen University and Research Centre The Netherlands 18 720 40.1 10 66.7 55.1 9.8
University of Arizona USA 18 221 12.3 9 38.9 9.7 13.9
Universidade Estadual Paulista Brazil 15 81 5.4 6 6.7 11.0 5.0
Università degli Studi di Bari Italy 15 200 13.3 7 53.3 22.4 3.0
USDA Agricultural Research Service USA 14 719 51.4 10 21.4 9.0 62.9
1 Total number of citations divided by the total number of articles; 2 Only sample documents; 3 Number of articles made through international collaboration divided by the total number of
articles; 4 Number of citations obtained by articles made through international collaboration divided by the number of articles; 5 Number of citations obtained for articles not made through
international collaboration divided by the number of articles.
Table 6. Major characteristics of the most active authors related to SUWA research.
Author Articles Citations Average Citations 1 H Index 2 Country Affiliation 3 1st Article Last Article
Fedler, Clifford B. 7 28 4.0 3 USA Texas Tech University 2006 2019
Gillerman, Leonid 7 113 16.1 6 Israel Ben-Gurion University 2006 2017
Gross, Amit 7 287 41.1 7 Israel Ben-Gurion University 2005 2017
Lobo, Thomaz Figueiredo 7 33 4.7 4 Brazil Universidade Estadual Paulista 2012 2019
Oron, Gideon 7 113 16.1 6 Israel Ben-Gurion University 2006 2017
Filho, Hélio Grassi 6 21 3.5 3 Brazil Universidade Estadual Paulista 2012 2019
Scholz, Miklas 6 88 14.7 5 UK University of Salford 2004 2018
Alarcón, Juan José 5 125 25.0 4 Spain Centro de Edafología y Biología Aplicada del Segura 2013 2017
Bick, Amos 5 97 19.4 4 Israel Bick & Associates 2006 2013
Duan, Runbin 5 28 5.6 3 China Taiyuan University of Technology 2011 2016
Fawzy, Mariam E. 5 39 7.8 3 Egypt National Research Centre 2011 2018
Hernández-Moreno, José M. 5 21 4.2 3 Spain Universidad de Las Palmas de Gran Canaria 2011 2019
Meers, Erik 5 109 21.8 4 Belgium Universiteit Gent 2012 2019
Nicolás, Emilio 5 101 20.2 4 Spain Centro de Edafología y Biología Aplicada del Segura 2014 2017
Suthar, Surendra 5 119 23.8 4 India Doon University 2008 2013
Tack, Filip M.G. 5 109 21.8 4 Belgium Universiteit Gent 2012 2019
1 Total number of citations divided by the total number of articles; 2 Only sample documents; 3 Last verified affiliation.
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3.7. Keywords in SUWA Research
A keyword co-occurrence network analysis was conducted to determine the main lines of research
in the SUWA study. Figure 5 shows a simplified map with the main keywords. For their inclusion,
a keyword must have been used at least five times. The result of the keyword clustering process
revealed the existence of several clusters, which indicate different thematic trends within SUWA
research. The figure shows only some of the terms included in each cluster because the complete
figure is illegible. Notably, many of the terms can be part of more than one group, but the cluster
analysis assigns each term to the group with which it has the greatest number of co-occurrences.
The most relevant keywords during the whole period and those that represent the central axis of
this research topic are “water reuse”, “wastewater treatment”, “groundwater”, “sewage sludge”,
“anaerobic digestion”, “reuse”, “water quality”, and “sustainable development”.
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The first cluster (red) refers to the environmental perspective, including terms like “wastewater
reuse”, “sustainable development”, “water reuse”, “groundwater”, and “climate change”.
Climate change is harshly affecting water resources globally—resources that are becoming scarcer every
day [49,50]. This directly affects agriculture, which is the world’s greatest water consumer [51]. In this
context, wastewater reuse provides a valuable solution to tackle challenges related to water supply
from a sustainable perspective, because reuse will facilitate a reduction in wastewater dumping and
the harmful environmental consequences that follow, in addition to increase water supply availability
for other uses [52,53].
The second cluster (light green) addresses the importance of water quality in terms of food security
and human health with terms such as “water quality”, “water scarcity”, “soil”, “food security”,
and “health”, among others. Population growth and its consequent rapid urbanization and
industrialization have created significant environmental challenges, which have resulted in the
pollution of already stressed water resources [54]. Soil pollution is a clear example of how water quality
has decreased such that water’s use for agricultural irrigation has, in many cases, made food security
an issue that must be prioritized [55,56]. Pollution’s relevance lies in its power to put human health in
jeopardy, which has sparked interest in research in this field [57,58].
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The third cluster (aquamarine) refers to anaerobic digestion and potential resources that, through
the use of wastewater, may be able to produce biofuels. Terms such as “anaerobic digestion”, “biomass”,
“life cycle assessment”, “microalgae”, and “biodiesel” are some of the most representative terms in
this grouping. Increasing concerns about climate change have exacerbated unstable global oil prices,
and the depletion of water resources has changed the landscape of waste, from dumping to use,
which has placed emphasis on biofuels [59,60]. In this context, wastewater is a valuable resource with
high potential and can enable microalgae biogas production, a sustainable alternative that does not
need arable land [61]. Due to efficient anaerobic treatment, energy may be recovered from wastewater,
because microalgae have a very high level of biomass productivity [62]. Furthermore, the production
of biogas through this process not only eradicates “food or fuel” concerns but also reduces the biomass
sludge produced compared to aerobic technologies [63,64].
The fourth cluster (yellow) is focused on the presence of heavy metals in sewage sludge. Some of
this group’s most relevant concepts are “heavy metals”, “sewage sludge”, “phosphorus”, “adsorption”,
and “biochar”. Along with the growth of wastewater, sewage sludge production is also increasing,
because this sludge is a byproduct of wastewater treatment [65]. Nevertheless, sludge contains
trace elements. Despite being vital to plants, animals, and humans, these elements present at low
concentrations are also heavy metals [66]. High concentrations of these metals have proven to be toxic
to microorganisms, plants, animals, and humans who are exposed to them once heavy metals enter
the food chain [67,68]. In this regard, sewage sludge is well-known as a valuable resource because,
through its pyrolysis, the production of biochar is enabled, which not only causes the immobilization of
heavy metals but can also improve soil quality when used in soils with elements such as phosphorus or
nitrogen [66,69]. In a time of growing concern about the potential harmful consequences of wastewater
irrigation for the environment and human beings, this relevant research field related to the presence of
heavy metals in sewage sludge has been in development during the last few decades [70].
The fifth cluster (lilac) analyzes water reuse from different purification technologies and includes
concepts such as “reuse”, “desalination”, “reverse osmosis”, “ultrafiltration”, and “nanofiltration”.
Considering the scarce water resources in many parts of the world, water exploitation must be
optimized [71]. Consequently, our current society is becoming aware of the importance of desalination
and water reuse to meet water-supply needs in situations of increasing demand and decreasing
supply [72,73]. Although desalination is usually achieved through reverse osmosis and is applied to
high salt content water to increase water supply in areas where fresh water is scarce, nanofiltration
and ultrafiltration are used in a wide variety of wastewater treatments [74,75]. Water reuse has
gained importance since the early 1980s, and the application of filtration processes is growing rapidly,
because both are promising techniques in the use of wastewater due to their positive and beneficial
characteristics [76,77].
The sixth (purple) group is focused on the process of removing environmental pollutants in a
sustainable way and includes the terms “phytoremediation”, “nutrients”, “yield”, “heavy metal”,
“copper”, and “chromium”. Due to anthropogenic activity, heavy metals are common hazardous
contaminants present in the environment. Unfortunately, there is no natural process that can degrade
these metals [78,79]. However, phytoremediation is a sustainable, inexpensive, effective, and promising
technology that is able to remove harmful pollutants such as heavy metals from soil and water through
suitable plants, as well as enable the plant absorption of nutrients and oxygen [80,81]. These research
lines might be relevant in SUWA due to the important role that heavy metals have been proven to play
in wastewater irrigation.
The seventh (orange) group relates to the agricultural perspective, including the terms “sustainable
agriculture”, “compost”, “biosolids”, “sewage sludge”, “soil fertility”, “soil quality”, and “organic
waste”. Composting, the process that turns organic waste into compost, is relevant to SWI for two
main reasons. Firstly, compost is made from sewage sludge, a byproduct of wastewater. Secondly,
to achieve sustainable agriculture, a reduction in agrochemicals is needed [82,83]. Compost reduces
soil degradation by improving soil quality and fertility and enables the reabsorption of nutrients
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and organic matter from organic waste [84,85]. Furthermore, this sustainable technique for obtaining
organic fertilisers is also economically feasible [86].
The eighth (light blue) group studies water pollutants and includes the concepts of “pollution”,
“nitrate”, “water management”, “optimization”, and “best management practice”. Degradation of
water quality is a widely known global issue that is too often affected by human-driven nitrate leaching
and is considered to be dangerous for human health [87,88]. To minimize these negative effects,
manage the risks, and preserve water supplies, proper and effective management is needed [89]. In the
context of SWI, this form of toxic pollution is relevant because it not only affects surface water and
groundwater but also wastewater [90].
The ninth (grey) group analyzes the effect of pig manure in aquaculture. Here, the main concepts are
“pig manure”, “biological treatment”, “aquaculture”, and “modelling”. Every year, excessive amounts
of pig manure and piggery wastewater are spread on land, producing a hazardous surplus of nutrients
in some areas featuring long-term settled farming [91,92]. This over-application has many negative
implications, including its effects on water and soil quality by surpassing nitrogen and phosphorus
safety levels and its detriments to human health. Moreover, manure also has significant implications
in aquaculture because it is used to fertilize plankton and other microorganisms that are eaten by
fish, to which many antimicrobial-resistant bacteria are transferred [93,94]. Many researchers have
expressed the need to use chemical and biological treatments to aid in the detection of specific markers
and address the disappearance of bacteria [95].
The tenth (purple) group focuses on the eutrophication process that soil suffers and includes some
of the following keywords: “eutrophication”, “wastewater treatment”, “forestry”, and “wetlands”.
Human activities related to industry, agriculture, population growth, and wastewater discharge,
which contains large quantities of phosphate, contribute directly and in a very large proportion to
eutrophication [96]. This process of over-enrichment of nutrients may affect water and soil, and lead
to the extinction of fish populations, blooms of toxic bacteria, and a reduction of oxygen levels [97].
Particular attention should be given to the sensitivity of each ecosystem, which should be considered
and studied to establish safe and proper emission controls and recommendations according to each
situation [98].
4. Discussion and Conclusions
The objective of this work was to show the current status and evolution of research on the
sustainable use of wastewater in agriculture during the last two decades. For this reason, the main
drivers of the subject, the main lines of research, the trends over several years, and the gaps in research
were analyzed in depth. It should be mentioned that this article is not free of limitations. The main
shortcoming relates to the selection of the sample. There is a large body of scientific literature on the
topic of study, published in a variety of formats, and even unpublished. In this study, a methodology
was followed for the selection of a representative sample, which includes documents that have
been validated through a process of peer review. However, we must be aware of this fact when
drawing conclusions.
The evolution of research suggests that the use of wastewater for agricultural irrigation has
experienced a steady increase over the past few decades. This progress has also brought about an
increase in scientific production and the number of actors involved. This changing trend is related to
the growing social concern for the environment and its resources. Today, climate change is leading the
scientific and political agenda, with the water supply as one of its main concerns because this resource
is essential for all organisms, including for human health and the quality of the ecosystem. Given that
agriculture consumes 70% of the world’s fresh water, research on SUWA can help ensure the water
supply for large numbers of people around the world, in addition to promote economic development
and mitigate the effects of global climate change.
The systematic review of the literature carried out has shown that, from an economic perspective,
SUWA can contribute to ensuring a stable supply of water for agriculture, allowing a minimum income
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to be guaranteed in the agriculture-based rural economy. Furthermore, it has been shown that water
reuse can lead to increased agricultural productivity. This allows for an increase in basic income levels,
giving families the capacity to save and facilitating capital investments that constitute the basis for
the process of agricultural technification or new productive sectors. On the other hand, the reuse
of water for agricultural purposes frees up water resources from other sources that are destined for
other uses and economic sectors, such as industry or tourism. From an environmental perspective,
the current management of wastewater poses a serious problem, because 80% of wastewater is currently
discharged into water bodies without any prior treatment. This has particularly devastating impacts
on the environment, such as the eutrophication of watercourses and marshes, and the increasing
salinity of groundwater bodies. In addition to avoiding dangerous disposal, SUWA allows for
improved self-sufficiency in food, increasing local production and thereby reducing the demand
from other markets, in addition to reducing greenhouse gas emissions from transport. More than
1 billion people do not have access to safe drinking water. Moreover, about 2 million people fall
ill and another 5 million die each year from a limitation in the availability of water. From a social
perspective, management towards SUWA could contribute to the alleviation of global hunger and
poverty. An adequate water supply could help ensure minimum conditions of hygiene and sanitation,
thus mitigating the occurrence of diseases and pests. In addition, guaranteeing the water supply could
help improve schooling rates in depressed areas, and facilitate the incorporation of women into the
labor market.
Despite all of the positive aspects that have been demonstrated for the reuse of wastewater in
agriculture, there are still a number of limitations that require further research for this type of use to be
truly sustainable. Because of their ability to persist in the environment, heavy metals in wastewater
have raised concerns about their serious consequences for human health. Research has also indicated
that climate change, along with population growth, will lead to higher concentrations of chemicals in
the future. In addition, the overuse of chemicals, health products, and medicines is leading to tolerance
problems among microorganisms, which needs further attention. Energy consumption is one of the
main technical obstacles that must be addressed in treatment plants. In turn, the dispersion of the
populations in small towns and the need for a minimum flow to ensure the viability of facilities are
problems preventing the adoption of solutions based on recycling in places where other alternatives
do not exist. Finally, there is a significant difference between the results found by scientific researchers
and the beliefs and perceptions of users, which limits the expansion of wastewater application due to a
lack of awareness of the related benefits. To address this situation, efforts must be made to adequately
transfer scientific knowledge to society as a whole.
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50. Lavrnić, S.; Zapater-Pereyra, M.; Mancini, M.L. Water Scarcity and Wastewater Reuse Standards in Southern
Europe: Focus on Agriculture. Water Air Soil Pollut. 2017, 228, 251. [CrossRef]
51. Moretti, M.; Van Passel, S.; Camposeo, S.; Pedrero, F.; Dogot, T.; LeBailly, P.; Vivaldi, G.
Modelling environmental impacts of treated municipal wastewater reuse for tree crops irrigation in
the Mediterranean coastal region. Sci. Total. Environ. 2019, 660, 1513–1521. [CrossRef]
52. Schwarzenbach, R.P.; Egli, T.; Hofstetter, T.B.; Von Gunten, U.; Wehrli, B. Global Water Pollution and Human
Health. Annu. Rev. Environ. Resour. 2010, 35, 109–136. [CrossRef]
53. Chen, J.; Tang, C.; Sakura, Y.; Yu, J.; Fukushima, Y. Nitrate pollution from agriculture in different
hydrogeological zones of the regional groundwater flow system in the North China Plain. Hydrogeol. J. 2004,
13, 481–492. [CrossRef]
54. Han, D.; Currell, M.J.; Cao, G. Deep challenges for China’s war on water pollution. Environ. Pollut. 2016,
218, 1222–1233. [CrossRef]
55. Verbyla, M.E.; Symonds, E.M.; Kafle, R.C.; Cairns, M.R.; Iriarte, M.; Mercado-Guzmán, A.M.; Coronado, O.;
Breitbart, M.; Ledo, C.; Mihelcic, J.R. Managing Microbial Risks from Indirect Wastewater Reuse for Irrigation
in Urbanizing Watersheds. Environ. Sci. Technol. 2016, 50, 6803–6813. [CrossRef]
56. Khan, S.; Hanjra, M.A.; Mu, J. Water management and crop production for food security in China: A review.
Agric. Water Manag. 2009, 96, 349–360. [CrossRef]
57. Brar, S.K.; Verma, M.; Tyagi, R.; Surampalli, R. Engineered nanoparticles in wastewater and wastewater
sludge—Evidence and impacts. Waste Manag. 2010, 30, 504–520. [CrossRef] [PubMed]
58. Udom, I.; Zaribaf, B.H.; Halfhide, T.; Gillie, B.; Dalrymple, O.; Zhang, Q.; Ergas, S.J. Harvesting microalgae
grown on wastewater. Bioresour. Technol. 2013, 139, 101–106. [CrossRef] [PubMed]
59. Quinn, J.; Hanif, A.; Sharvelle, S.; Bradley, T.H. Microalgae to biofuels: Life cycle impacts of methane
production of anaerobically digested lipid extracted algae. Bioresour. Technol. 2014, 171, 37–43. [CrossRef]
[PubMed]
60. Zhang, B.; Wang, L.; Riddicka, B.A.; Li, R.; Able, J.R.; Boakye-Boaten, N.A.; Shahbazi, A. Sustainable
Production of Algal Biomass and Biofuels Using Swine Wastewater in North Carolina, US. Sustainability 2016,
8, 477. [CrossRef]
61. Gao, H.; Scherson, Y.D.; Wells, G.F. Towards energy neutral wastewater treatment: Methodology and state of
the art. Environ. Sci. Process. Impacts 2014, 16, 1223–1246. [CrossRef]
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